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ABSTRACT 

Solut ions t h a t  are f e a s i b l e  f o r  e lec t rodepos i t ing  magnesium w e r e  

prepared from Grignard reagents  with the  add i t ion  of boranes i n  e t h e r  

so lu t ions .  

3-molar9 (dissolved i n  te t rahydrofuran)  and l-molar i n  t r ie thylboron .  

The depos i t s  w e r e  white,  d u c t i l e  and contained a t  least 99% of Mg. 

Cathode and anode cur ren t  e f f i c i e n c i e s  w e r e  100%. 

p l a t i n g  so lu t ion ,  prepared with beryll ium dimethyl and decaborane, 

y ie lded  dark grey, coherent depos i t s  containing 85% t o  90% beryll ium. 

A t y p i c a l  ba th  cons is ted  of methylmagnesium ch lo r ide ,  

A similar beryll ium 

KEY WORDS: Magnesium, e lec t rodepos i t ion  of; Beryllium, e l ec t rodepos i t i on  

o f ;  nonaqueous p l a t i n g  ba ths ;  Grignard reagents ;  Beryllium 

dimethyl; Beryllium az ide ;  Beryllium thiocyanate ,  

decaborane; t r ie thylboron;  Organic p l a t i n g  ba ths .  
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Abner Brenner and John L e  S l igh  

Nat ional  Bureau of Standards,  Washington, D. C .  20234 

I e INTRODUCTION 

The chief  i n t e r e s t  i n  e l ec t rodepos i t i ng  the  l i g h t  s t r u c t u r a l  metals, 

beryll ium, magnesium, and aluminum is  f o r  t h e  purpose of e lectroforming 

light-weight engineering components of complex shape o r  p r e c i s e  dimen- 

s ions  t h a t  are needed i n  satell i tes.  These metals are too  a c t i v e  t o  be 

e lec t rodepos i ted  from aqueous s o l u t i o n s ,  hence, organic  ba ths  must be 

used. Of t h e  t h r e e  metals, aluminum i s  t h e  only one t h a t  has been suc- 

ces s fu l ly  e lec t rodepos i ted  and used i n  p i lo t - sca l e  inves t iga t ions .  

Recently, i t  has been u t i l i z e d  f o r  p l a t i n g  f a s t ene r s  used i n  the  con- 

s t r u c t i o n  of a i r c r a f t .  

Thus f a r ,  t he  l i t e r a t u r e  contains  no r epor t s  of f e a s i b l e  processes 

f o r  depos i t ing  beryll ium o r  magnesium. Our inves t iga t ion  has l e d  t o  the  

development of an organometall ic magnesium-boron p l a t i n g  system which is 

W e  d i d  not  succeed i n  developing 
\ ' f e a s i b l e  f o r  e lectroforming magnesium. 

a beryl l ium p l a t i n g  ba th ,  but  some advances were made i n  the  e l ec t ro -  

depos i t ion  of t he  metal .  



There is  s p e c i a l  i n t e r e s t  i n  t he  p o s s i b i l i t y  of e lectroforming 

beryl l ium because of i t s  unusual p rope r t i e s .  

a l l  t he  more va luable  f o r  i t s  u t i l i z a t i o n ,  because beryl l ium is  hard and 

Electroforming would be 

b r i t t l e ,  hence, d i f f i c u l t  t o  f a b r i c a t e  by conventional metal-working 

procedures. Compared t o  t h e  o t h e r  l i g h t  s t r u c t u r a l m e t a l s ,  aluminum and 

magnesium, beryll ium has a su rp r i s ing ly  high modulus of e l a s t i c i t y  

(42 x 10 6 p s i )  which is  more than four  t i m e s  t h a t  of aluminum, six t i m e s  

t h a t  of magnesium, and l a r g e r  than t h a t  of steel. 

l i n e a r  thermal expansion of beryll ium (11.6 x 

t h a t  of aluminum o r  magnesium. These outs tauding p rope r t i e s  of beryll ium 

coupled with i t s  low dens i ty  (1.85 g/cm3, about 2/3 t h a t  of dminum) make 

The c o e f f i c i e n t  of 

i s  less than ha l f  

i t  a va luable  s t r u c t u r a l  material i n  appl ica t ions  requi r ing  a high 

s t r e n g t h  t o  weight r a t i o ,  e spec ia l ly  a t  e leva ted  temperatures. 

and magnesium m e l t  a t  66OOC and 65OoC, respec t ive ly .  

(Aluminum 

Beryllium m e l t s  a t  

1277OC.1 In  s p i t e  of the  advantages of fe red  by beryll ium i t  should be 

noted t h a t  t h e  oxide i s  tox ic  and c e r t a i n  work codes should be observed 

i n  processing the  metal and i t s  compounds. 
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The l i t e r a t u r e  up t o  about 1965 on t h e  e l ec t rodepos i t i on  of beryl-  

l i u m  and magnesium from organic  so lu t ions  was given i n  a recent  publica- 

t i o n  [l] by Qne of t h e  authors ,  hence, t h e r e  is  need only t o  c a l l  a t t en -  

t i o n  t o  articles subsequently published. Strohmeier and coworkers [2] 

e lec t rodepos i ted  beryl l ium from mixtures of organometall ic beryl l ium 

compounds and quaternary ammonium sal ts .  

na tu re  of fused salts  than an organic  so lu t ion .  

The baths  were more i n  the  

The depos i t s  were con- 

taminated with organic  matter and/or a l k a l i  metal. An advance i n  the  

e lec t rodepos i t ion  of magnesium w a s  ceported by one of t h e  authors  i n  a 

recent  no te  [3]. The bath consis ted of an organometall ic magnesium com- 

pound i n  conjunction with decaborane i n  an e t h e r  o r  te t rahydrofuran (THF) 

so lu t ion .  The depos i t s  were white ,  smooth and d u c t i l e .  The invest iga-  

t i o n  of magnesium p l a t i n g  reported he re in  is an extension of t h i s  work. 

A l l  e l e c t r o l y s e s  were conducted i n  small ves se l s  provided with an 
prepur i f  i e d  

atmosphere of argon. The e l e c t r o l y t i c  ce l l  most used had a capaci ty  

of 50 m l  and is  shown i n  f i g u r e  1. A smaller c e l l  with a capaci ty  of 

10 m l  is  shown i n  f i g u r e  2 .  Transfer  of a i r - sens i t i ve  materials t o  the  

ves se l s  w a s  usua l ly  done i n  an i n e r t  atmosphere chamber (o r  glove box) 

f i l l e d  with argon. For s t o r i n g  s tock  so lu t ions  of a i r - sens i t i ve  mater- 

i a l s , t h e  vessel shown i n  f i g u r e  3 w a s  used. Transfer  w a s  made i n  the  

open from t h i s  vessel t o  the  e l e c t r o l y t i c  cel l  with a 

t i o n  i n  an argon atmosphere w a s  done with the  apparatus shown i n  

girpette. F i l t r a -  

f i g u r e  4.  
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11, ELECTRODEPOSITION OF BERYLLIUM FROM ORGANIC SOLUTIONS 

Although pure beryl l ium depos i t s  were n o t  obtained i n  our i n v e s t i -  

ga t ion ,  some advances were made i n  t h a t  ba ths  were developed f o r  produc- 

ing smooth, sound depos i t s  contaiqing 85% t o  90% beryllium. The 

remainder of t h e  depos i t  w a s  probably boron. 

I n  an i n v e s t i g a t i o n  [ 4 ]  which w a s  c a r r i e d  on i n  t h i s  labora tory  

about 15 years  ago, t h e  only system t h a t  showed any promise f o r  beryl l ium 

depos i t ion  w a s  beryl l ium borohydride d isso lved  i n  e t h e r s .  Although these  

s o l u t i o n s  on e l e c t r o l y s i s  y ie lded  sound, coherent coa t ings ,  t hese  

depos i t s  were n o t  pure beryll ium, bu t  a boron a l l o y  containing about 70% 

beryllium. 

borohydride i n  d i e t h y l  e t h e r  w a s  e lec t ro lyzed .  

I n  t h e  cu r ren t  i n v e s t i g a t i o n  a 6-molar s o l u t i o n  of beryl l ium 

The few anplysas gave a 

beryl l ium content of 55% which i s  lower than t h a t  repor ted  earlier. This 

d i f f e rence  is probablybona f i d e ,  as experiments w i th  another p l a t i n g  ba th  

showed cons iderable  v a r i a t i o n  i n  beryl l ium content .wi th  composition of 

so lu t ion .  The apparent cathode cu r ren t  e f f i c i e n c y  of depos i t ion  (assum- 

ing t h a t  t h e  depos i t  w a s  a l l  beryll ium) w a s  i n  a l l  cases much above loo%, 

i n  some ins t ances  being almost ZOO%./ The depos i t s  were b lack ,  smooth, 
This anomaly ind ica t ed  t h e  impurity of t h e  depos i t .  

and chemically reactive. 

l i b e r a t e  hydrogen, and the  dry depos i t s  sparked l i k e  a l i g h t e r  f l i n t  when 

s t r u c k  wi th  a hard,  sharp object. Some of t h e  depos i t s  i g n i t e d  and were 

completely consumed. 

opera t ion ,  o r  i n t o  t h e  composition of t h e  ba ths ,  as given i n  Table I 

Most of them reac ted  wi th  water vigorously t o  

None of t h e  variants introduced i n t o  t h e  p l a t i n g  

(No. 15-18), l e d  t o  any apprec iab le  improvement i n  the  q u a l i t y  of t he  

depos i t s  
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Most of t h e  subsequent experiments involved the  r eac t ion  of bery l -  

l ium dimethyl wi th  var ious compounds and the  e f f e c t  of v a r i a t i o n  of t he  

so lvent  (Table I, No. 1-14). I n  the  f u r t h e r  search f o r  an improved 

beryll ium p l a t i n g  process w e  e l ec t ro lyzed  so lu t ions  of some d i f f e r e n t  

kinds of beryll ium compounds, which had r ecen t ly  been prepared i n  non- 

aqueous systems, such as the  az ide  and thiocyanate  (No. 22-26). None of 

t hese  experiments w e r e  success fu l  and they are placed i n  Table I only 

f o r  t h e  purpose of record.  

The most promising p l a t i n g  ba th  w a s  prepared from beryl l ium dimethyl 

and decaborane, B H The b e s t  depos i t s  contained between 85% and 90% 

beryll ium and were dark grey, smooth and coherent.  

obtained from t h e  borohydride ba th ,  they w e r e  s t a b l e  i n  a i r  and could be 

l e f t  i n d e f i n i t e l y  immersed i n  water. They d i d  not  spark when s t ruck .  

10 14" 
Unlike the  depos i t s  

However, they were b r i t t l e  and d id  no t  lend themselves, t he re fo re ,  t o  

electroforming. Sound depos i t s  2 m i l s  t h i c k  were obtained. No i n v e s t i -  

ga t ion  w a s  made of the  g r e a t e s t  thickness  obtainable .  

The depos i t s  were obtained over a wide range of operat ing condi t ions.  
2 Current d e n s i t i e s  ranged from 1 t o  20 mA/cm . 

obtained a t  the  lower cur ren t  d e n s i t i e s .  

cells of f i g u r e  1 with a cathode area about 5 cm2 ranged from about 3 t o  

The b e s t  depos i t s  were 

The vol tages  i n  t h e  p l a t i n g  

15 v o l t s  f o r  t h i s  range of cu r ren t  densi ty .  An e leva ted  temperature 

improved the  conduct ivi ty  of t h e  ba th ,  bu t  d id  not  improve the  q u a l i t y  of 

the  depos i t  appreciably,  
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Beryllium ch lo r ide  e t h e r a t e  added t o  t h e  ba th  i n  moderate quan t i ty  

produced a s l i g h t  improvement i n  t h e  q u a l i t y  of t h e  depos i t  and i n  t h e  

conduct iv i ty  of t h e  ba th ,  bu t  i n  l a r g e  concent ra t ions  w a s  d e l e t e r i o u s .  

An optimum ba th  composition w a s  : beryl l ium dimethyl, 2 molar; decabo- 

e, Oe65 molar; and beryl l ium ch lo r ide ,  0.65 molar. The so lven t  w a s  

d i e t h y l  e the r .  The ba th  could a l s o  be prepared with 'THF as s o l v e n t ,  and 

t h i s  had t h e  advantage 

However, t h e  BeC12 had 

in THF. 

The most c r i t i ca l  

w a s  the r a t i o  of boron 

t h a t  THF has  a h igher  b o i l i n g  po in t  than e t h e r .  

t o  be omitted as i t  forms an i n so lub le  e t h e r a t e  

f a c t o r  i n  obta in ing  stable, nonreac t ive  depos i t s  

t o  beryl l ium i n  t h e  bath.  It may be noted t h a t  

t h e  r a t i o  of boron t o  beryl l ium i n  the  suggested ba th  composition is 

about 1:3 on a molar bas i s .  

l i u m ,  f o r  example t o  1:1, r e s u l t e d  i n  deposics which had lower percent- 

ages beryll ium, reac ted  with water, and spacked when s t ruck .  These re- 

s u l t s  expla in  t h e  high r e a c t i v i t y  of t he  depos i t s  from t h e  borohydride 

ba th  iil which the  r a t i o  of boron t o  beryl l ium is 2: l .  

An inc rease  i n  t h e  r a t i o  of boron t o  bery l -  

A complete assay of t h e  depos i t  w a s  no t  performed but a n a l y s i s  

revealed i t  t o  be of considerable beryl l ium content,  

of t h e  coating ranged from 140 t o  180% t h a t  expected f o r  pure  beryll ium, 

based on t h e  number of coulombs passed. 

determined by a n a l y s i s  exceeded by 105 t o  115% t h a t  ca l cu la t ed  using t h e  

la t ter .  Thus, t hese  r e s u l t s  suggest a complex i o n  r eac t ion  r a t h e r  than,  

The gross  weight 

Even t h e  beryl l ium content 

. I  

t h e  simple reduct ion  of beryl l ium ion .  
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The decaborane ba th  was prepared by adding a s o l u t i o n  of decaborane 

i n  e t h e r  t o  an e t h e r e a l  so lu t ion  of beryl l ium dimethyl. A very small 

addi t ion  of decaborane produced a l a r g e  inc rease  i n  conduct ivi ty  of t he  

s o l u t i o n  (although decaborane by i t s e l f  has  a very low conduct iv i ty) .  

For example, beryll ium dimethyl i n  e t h e r  ( i n  a s m a l l  ba th  as noted above) 

required about 25 vol ts  t o  pas s  a cur ren t  of 10 mA and about 120 vol ts  f o r  

a cur ren t  of 35 mA. 

of beryll ium, the  conductance of t he  system improved considerably: 

required only 4 v o l t s  and 50 mA about 15 v o l t s .  Fur ther  addi t ions  of 

decaborane increased the conduct ivi ty  s l i g h t l y .  

On adding decaborane equivalent  t o  1/30 of the  moles 

10 mA 

A ba th  w i t h  only a s m a l l  

content  of boron compound w a s  no t  f e a s i b l e  t o  opera te ,  however, as t h e  

vol tage  increased during operat ion,  probably because of  po la r i za t ion .  

It w a s  expedient ,  t he re fo re ,  t o  have l a r g e r  concentrat ions of boron, 

such as 1:6 o r  1:3 of boron t o  beryll ium ( i n  moles). 

The phenomena occurring during the  prepara t ion  of t he  bath a r e  

i n t e r e s t i n g .  The add i t ion  of decaborane t o  the  beryl l ium dimethyl solu-  

t i o n  caused evolut ion of a gas ,  which w a s  probably methane. The f i r s t  

small add i t ion  r e su l t ed  i n  a c l e a r  so lu t ion ,  bu t  as more was added, so 

as t o  produce a bath of t h e  ind ica t ed  composition, two l aye r s  formed. 

The lower l a y e r  had a much higher  conduct ivi ty  than the  upper l aye r .  

However, similar appearing depos i t s  were obtained from both l a y e r s ,  and 

the  compositions of the depos i t s  were n o t  f a r  d i f f e r e n t .  Further  addi- 

t i o n s  ofdacaborane decreased the  conduct ivi ty  of the  upper l a y e r  so t h a t  

p l a t i n g  from i t  w a s  no longer  f e a s i b l e .  I n  the  prepara t ion  of t he  ind i -  

ca ted  p l a t i n g  s o l u t i o n ,  i t  was  expedient t o  evaporate o f f  most of t he  

upper l a y e r ,  as a cathode contact ing both l a y e r s  received a nonuniform 

,deposi t .  
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Since decaborane is  s t i l l  a rare compound (the cur ren t  p r i c e  of 

s m a U  q u a n t i t i e s  is about $3.00 a gram) t h e  inves t iga t ion  w a s  t o  some 

ex ten t  dupl ica ted  wi th  t r i e thy lbo ron ,  which is commercially ava i l ab le  a t  

about $17.00 a pound, As with decaborane, a s u i t a b l e  bath w a s  2.0 molar 
I 

i n  beryl l ium dimethyl and between 0.35 and 0.65 molar i n  t r ie thylboron .  

The l a t t e r  compound is much less p leasant  t o  work with than decaborane, 

because i t  i s  spontaneously inflammable and cannot be handled i n  the  

open, bu t  must be measured out i n  an i n e r t  atmosphere. 

i n  e t h e r  are less s e n s i t i v e  t o * t h e  a i r  and can be t r a n s f e r r e d  i n  the  a i r  

by p i p e t t e  from a s tock  so lu t ion  (preserved under argon) t o  a bath.  The 

so lu t ion  of t r ie thylboron  i n  THF i s  less l i k e l y  t o  spontaneously inflame 

than the  d i e t h y l  e t h e r  so lu t ion .  

The so lu t ions  

The phenomena involved i n  t h e  prepara t ion  of t he  bath from beryll ium 

dimethyl and t r i e thy lbo ron  d i f f e r e d  somewhat from those  wi th  decaborane 

as no gas evolut ion occurred on adding the  boron compound and only a 

s m a l l  amount of hea t  w a s  produced ind ica t ing  formation of a less t i g h t  

complex, An i n t e r e s t i n g  s i d e l i g h t  on the  r eac t ion  of t r ie thylboron  with 

dimethyl beryll ium is  t h a t  the  lat ter (which i s  a s o l i d )  d id  n o t  react 

quickly dissolved,  presumably with formation of .a complex, although 

the re  was no appreciable  hea t  evolut ion.  

In  the  t r i e thy lbo ron  ba ths  the re  w a s  evidence t h a t  the  boron com- 

pound w a s  no t  as t i g h t l y  complexed as i n  the  decaborane bath,  as on d is -  

t i l l i n g  out  some of t h e  e t h e r e a l  so lven t ,  t h e  r e s u l t a n t  so lu t ion  had a 

somewhiit lower conduct ivi ty ,  i nd ica t ing  v o l a t i l i z a t i o n  of t he  boron com- 

pound e 
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With regard t o  the  choice between THP and e t h e r  i n  forming a ba th ,  

THF may b e  advantageous as i t  formed a t i g h t e r  complex wi th  ' 

t r i e thy lbo ron  than d i d  e t h e r ,  and t h i s  may be an advantage i n  reducing. 

t h e  escape of t h e  boron compound and t h e  flammabili ty of t h e  bath.  

THF y ie lded  s l i g h t l y  b e t t e r  conducting ba ths .  However, t h e  cha rac t e r i s -  

t ics of t h e  depos i t s  from ba ths  prepared from the  two d i f f e r e n t  e t h e r s  

have no t  been compared. 

Also, 

As with t h e  decaborane ba th ,  t h e  cathode e f f i c i ency  of beryl l ium 

depos i t ion  w a s  about 1152, The anode cur ren t  e f f i c i e n c y  va r i ed  between 

80% and loo%, Deposits from a ba th  i n  which t h e  boron t o  beryl l ium r a t i o  

w a s  1:l i n  moles contained only 60% beryl l ium, and thus ,  were comparable 

t o  t h e  depos i t s  from the  borohydride so lu t ions .  Af te r  d i s t i l l i n g  o f f  

some of t h e  e t h e r  and presumably some of t h e  t r i e thy lbo ron ,  t he  depos i t s  

then contained about 75% beryll ium. 

Some v a r i a t i o n s  of t h e  a l k y l  boron p l a t i n g  pracess  were inves t iga t ed  

(Table I, No, 12-14). Subs t i t u t ion  of t r ibu ty lboron  f o r  t r i e thy lbo ron  

had no advantage, except a lower flammabili ty of t h e  bath.  Operation of 

t he  t r i e thy lbo ron  bath i n  a closed system under pressure  so as t o  a t t a i n  

a ba th  temperature of 90'C did n o t  l ead  t o  any obvious improvement i n  the  

q u a l i t y  of t h e  depos i t  o r  i t s  beryl l ium content .  
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Since both dimethyl beryll ium and t r i e thy lbo ron  are not  easy t o  

obta in  and are d i f f i c u l t  t o  use because of t h e i r  spontaneous inflammabil- 

i t y ,  some e f f o r t  w a s  d i r e c t e d  toward producing them i n  s o l u t i o n  from 

simpler  s t a r t i n g  materials without i s o l a t i n g  them. Production of beryl-  

l i u m  a l k y l  was attempted by reac t ing  an e t h e r e a l  s o l u t i o n  of beryll ium 

chlor ide  with lithium methyl i n  e t h e r  o r  l i th ium e t h y l  i n  benzene. 

meta thes is ,  l i th ium chlor ide  p r e c i p i t a t e d  out  r ead i ly ,  but  n o t  com- 
By 

p le t e ly .  The p r e c i p i t a t e  w a s  d i f f i c u l t  t o  f i l t e r  and t h e  operat ion had 

t o  be done under argon pressure,  

p r e c i p i t a t e  by cent r i fuging  and pouring of f  t h e  clear so lu t ion ,  

Best r e s u l t s  were obtained with beryll ium chlor ide  i n  excess. 

near ly  s to i ch iomet r i c  q u a n t i t i e s ,  too much l i t h ium remained i n  s o l u t i o n ,  

and on e l e c t r o l y s i s  e i t h e r  deposited i n  preference t o  beryll ium o r  co- 

deposi ted,  thus r e s u l t i n g  i n  mossy depos i t s .  The experiments on the  

i n  s i t u  production of t he  beryl l ium a l k y l  d id  no t  lead  t o  s a t i s f a c t o r y  . 

depos i t s  and more work needs t o  be done. 

It w a s  found more expedient t o  pack t h e  

With 

The a t t e m p t  t o  produce the  boron compound i n  s i t u  w a s  more success- 

f u l .  An e t h e r e a l  so lu t ion  of beryll ium dimethyl w a s  t r e a t e d  wi th  an 

e t h e r e a l  s o l u t i o n  of boron t r i c h l a r i d e  ( f r e sh ly  prepared).  Provided 

t h a t  the  content  of boron w a s  kept below the  1:3 molar r a t i o ,  t h e  bath 

seemed t o  operate  very much l i k e  the  one prepared from t r ie thylboron ,  

bu t  no d e t a i l e d  inves t iga t ion  w a s  made of it. 
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The nonaqueous beryl l ium ba ths  should a l l  b e  p ro tec t ed  from mois- 

The ba ths  containing a l k y l  boron compounds should a l s o  be pro- t u r e ,  

t e c t e d  from t h e  air. 

b l e ,  b u t  no i n v e s t i g a t i o n  w a s  made as t o  t h e  necess i ty  of  preserving i t  

from t h e  air .  

t h e  open i n  any quant i ty .  To dispose of t h e  ba th  (volume 25-50 m l )  i t  

w a s  poured i n t o  a metal vessel which w a s  quickly covered with a metal 

p l a t e .  

prevented by t h e  l imi t ed  access of air. 

The decaborane ba th  is  no t  spontaneously inflamma- 

The t r i e thy lbo ron  ba th  catches on f i r e  i f  poured out  i n t o  

The s o l u t i o n  absorbed oxygen and became ho t ,  bu t  combustion w a s  

One of t h e  d i f f i c u l t i e s  i n  en larg ing  t h e  v a r i e t y  of  compounds f o r  

t h e  i n v e s t i g a t i o n  of t h e  e l ec t rodepos i t i on  of beryl l ium w a s  t h e  p re fe r -  

e n t i a l  depos i t ion  o r  codeposit ion of a l k a l i  metals involved i n  the  prep- 

a r a t i o n ,  f o r  example, i n  Table I, No. 6,8,19,21, and 25. On t h e  b a s i s  

of the  chemical r e a c t i v i t y  of the  metals, one would n o t  expect t h i s  t o  

happen e 

The e l ec t rodepos i t s  w e r e  assayed only f o r  t h e i r  beryl l ium content .  

Because of t h e  s m a l l  e lectrochemical  equiva len t  of beryl l ium, t h e  amount 

of depos i t  a v a i l a b l e  f o r  assaying was o f t en  only 5 o r  10 mil l igrams,  and 

the  determinat ion of the s m a l l  amount of boron i n  t h e  depos i t  would have 

been d i f f i c u l t .  The beryl l ium content  w a s  determined by a simple proce- 

dure. The depos i t  w a s  dissolved from t h e  copper b a s i s  metal wi th  d i l u t e  

hydrochlor ic  ac id  and t h e  s o l u t i o n  t r a n s f e r r e d  t o  a platinum c ruc ib l e .  

Ammonia w a s  added t o  p r e c i p i t a t e  beryl l ium hydroxide, t h e  contents  of  t h e  

c r u c i b l e  were evaporated t o  dryness i n  an oven and i g n i t e d .  

salts, boron oxide,  and organic  matter were v o l a t i l i z e d  and only B e 0  

Ammonium 

remained 
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111. ELECTRODEPOSITION OF MAGNESIUM FROM ORGANIC SOLUTIOI\JS 

A, From Gripnard Reagents 

The e a r l y  work on t he  at tempts  t o  e l ec t rodepos i t  magnesium w a s  

discussed and referenced i n  a recent  publ ica t ion  111, hence, t hese  

inves t iga t ions  need One aspect  of t he  e a r l y  

work, however, is  perplexing. The r epor t s  on t he  e l e c t r o l y s i s  of Grig- 

nard so lu t ions  w e r e  t o  the  e f f e c t  t h a t  the  conduct ivi ty  of t h e  so lu t ions  

w a s  low and t h a t  t he  depos i t s  were mossy o r  c r y s t a l l i n e  and could no t  be 

removed i n t a c t  from the  bath.  For example, Overcash and Mathers [9]  used 

an ethylmagnesium iodide  s o l u t i o n  and s t a t e d  t h a t ,  

no t  
be discussed i n  d e t a i l .  

"The Grignard reagent ,  without dimethylani l ine,  gave loose ,  

c r y s t a l l i n e  depos i t s  of magnesium and extending "trees" formed so rap id ly  

t h a t  cathodes could not  be removed from t h e  bath without loss.  ..... 
"The Grignard reagent made from e t h y l  bromide i n s t e a d . o f  e t h y l  

iod ide  gave a bath t h a t  had a higher  r e s i s t a n c e  and,was less s t a b l e .  

"The anode cu r ren t  e f f i c i ency  was zero,  bu t  the  cathode e f f i -  

ciency w a s  approximately 55 percent .  

"The ba th  w a s  no t  easy t o  operate  and any commercial operat ion would 

seem impossible. 

"The areally g r e a t  d i f f i c u l t y  was due t o  the  f a i l u r e  of the  magnesium 

anodes t o  d i s so lve  o r  corrode during e l e c t r o l y s i s .  This caused a gradual  

decrease i n  t h e  concentrat ion of the  magnesium i n  the  bath u n t i l ,  a t  

last ,  no e lec t rodepos i t  could be obtained." 

Connos, Reid, and Wood [ lo]  had a s i m i l a r  experience with t r e e i n g  

with a 2,5 molar ethylmagnesium bromide so lu t ion .  
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The following d iscuss ion  shows t h a t  these  e a r l y  observat ions are a t  

var iance  with our  experience with commercial Grignard reagents ,  some of 

which y ie lded  smooth, white depos i t s  without trees and required only 

about 5 v o l t s  f o r  t he  above cur ren t  densi ty .  

Table I1 l ists  15 organometall ic compounds of magnesium which were 

e lec t ro lyzed  i n  e t h e r  so lu t ions .  

t i ons  were 2 t o  3 molar i n  magnesium and were ch lor ides .  A l l  so lu t ions ,  

Unless otherwise ind ica t ed  the  solu-  

except the  one wi th  t h e  cyclopentadiene de r iva t ive  y ie lded  f a i r l y  smooth, 

sound depos i t s  of magnesium ranging i n  co lo r  from white  t o  dark grey. 

The vol tages  required f o r  a given cur ren t  dens i ty  of depos i t ion  va r i ed  

widely, f o r  example, 5 mA/cm required a vol tage  of 6 with t-butylmagne- 

sium chlor ide  i n  THF (No. 8 i n  Table 11) , whereas t-butylmagnesium chlo- 

2 

r i d e  i n  e t h e r  (No. 7 i n  Table 11) required 43 v o l t s ,  and cyclohexylmagne- 

sium chlor ide  i n  e t h e r  (No. 9) required over 120 v o l t s .  A s o l u t i o n  of 

magnesium d i e t h y l  (prepared by p r e c i p i t a t i n g  magnesium chlor ide  from the  

Grignard reagent with dioxane) had 8 s t i l l  lower conduct ivi ty  (see No. 1 

No. 15). Hence, t he  presence of t he  h a l i d e  ion  is important i n  confer- 

r ing  conduct ivi ty  * 
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Since these  are a v a i l a b l e  a l a r g e  number of Grignard reagents  w i t h  

widely d i f f e r e n t  e lec t rochemica l  c h a r a c t e r i s t i c s ,  a l a r g e  v a r i a t i o n  i n  

t h e  c h a r a c t e r i s t i c s  of e l ec t rodepos i t i on  from t h e  var ious  s o l u t i o n s  is 

t o  be expected, On t h e  one hand, a s o l u t i o n  can be very w e l l  behaved. 

For example, t he  methylmagnesium ch lo r  de s o l u t i o n  i n  THF yie lded  a 

magnesium depos i t ,  a t  least 99% p u r e p  a t  cathode and anode cu r ren t  e f f i -  

Ciencies of 100%. The methylmagnesium isidide s o l u t i o n  gave similar e f f i -  

c i enc ie s  and, judging form the  d u c t i l i t y  of t h e ' d e p o s i t s ,  t hese  also were 

pure magnesium. On the o the r  hand, anode e f f i c i e n c i e s  ranging from 75% 

t o  100% and cathode cu r ren t  e f f i c i e n c i e s  ranging from 75% t o  115% were 

obtained f o r  o t h e r  Grignard s o l u t i o n s ,  and it is l i k e l y  t h a t  t h e  high 

cathode e f f i c i e n c y  represented  codeposited nonmeta l l ic  material. 
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The 3-molar methylmagnesium chlor ide  s o l u t i o n  i n  THF and t h e  3-molar 

methylmagnesium iodide  s o l u t i o n  i n  e t h e r ,  without modif icat ion,  are both 

s a t i s f a c t o r y  baths  f o r  e lec t rodepos i t ing  magnesium. A t  t he  lower range 

of cur ren t  d e n s i t i e s  they yielded smooth,white depos i t s  1 m i l  t h i c k  

without t r ee ing ,  The only drawback was the  low conduct ivi ty  of t he  solu- 

t i o n s ,  The conduct ivi ty  of t he  ch lor ide  s o l u t i o n  w a s  0.0010 mho o r  about 

2/3 t h a t  of a 1/100 molar KC1 so lu t ion .  

so lu t ions  a l s o  might be s a t i s f a c t o r y  f o r  deposi t ing t h i n  coat ings of 

magnesium. The e t h y l  magnesium bromide ba th ,  as reported i n  the  litera- 

t u r e ,  did start  t o  give t r eed  depos i t s  a f t e r  several minutes of e lec-  

t r o l y s i s .  

Grignard so lu t ions  on e l e c t r o l y s i s ,  w e  did not  encounter t he  extreme 

d i f f i c u l t i e s  reported by o thers  f o r  t he  common Grignard reagents  and are 

unable t o  expla in  them. The d i f f i c u l t i e s  may be a composite of a number 

of s l i g h t l y  unfavorable f a c t o r s ,  such as exposure of the  Grignard t o  the  

oxygen of the a i r ,  use of a bromide in s t ead  of a ch lor ide ,  presence of 

excess a l k y l  h a l i d e  i n  the  reagent ,  use of e t h e r  i n s t ead  of THF, and a 

lower concentrat ion of Grignard i n  the  so lu t ion .  

Some of t h e  o the r  Grignard 

D e s p i t e  the  v a r i a t i o n  i n  the  performance of t h e  var ious 

me passage of dry a i r  through a Grignard reagent  (ethylmagnesium 

bromide i n  e t h e r )  d id  not  destroy t h e  a b i l i t y  of t h e  s o l u t i o n  t o  y i e l d  

magnesium on e l e c t r o l y s i s .  However, a higher  cur ren t  dens i ty  w a s  

required and t h e  depos i t  w a s  less sound. 
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B o  From Grignard Reagents with Boron Additives 

A g r e a t  improvemen% i n  tbe  e l ec t rodepos i t i on  of magnesium w a s  

obtained by complexing the  magnesium organometal l ic  compound with a 

borane type compound. The f i r s t  success fu l  bath cons is ted  e s s e n t i a l l y  

of a magnesium a l k y l  ha l ide  complexed with decaborane [3] .  Subsequently, 

it w a s  found, as the  case with beryll ium depos i t ion ,  t h a t  t he  more acces- 

s i b l e  a l k y l  boranes could be used i n  p l ace  of decaborane. 

repor t  dea ls  mainly with Grignard reagents  t o  which t r ie thylboron  had 

been added. 

The following 

A s  w a s  the  case wi th  hsryl l ium dimethyl, t he  addi t ion  of tri- 

ethylboron t o  the  s o l u t i o n  of the organometall ic magnesium compound 

g r e a t l y  increased t h e  conduct ivi ty ,  

t he  Grignard reagents  had widely d i f f e r e n t  conduc t iv i t i e s ,  as evidenced 

Table I1 shows t h a t  although some of 

by the  widely d i f f e r e n t  vol tages  required f o r  a given cur ren t  (compare 

No .  1 with N o ,  9 o r  with No. 14) a f t e r  add i t ion  of t r i e thy lbo ron ,  i n  the  

r a t i o  of about 1/3 mole t o  1 mole of magnesium, the  conduct iv i t ies  w e r e  

as much as ten-fold higher  and very much a l i k e  f o r  a l l  the  Grignards. 

The conduct ivi ty  of methylmagnesium chlor ide  i n  THF wi th  added t r i e t h y l -  

boron w a s  0.004 mho o r  about the  same as t h a t  of 1/30 molar KC1 so lu t ion .  
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With r e spec t  t o  the  composition of t h e  ba th ,  those  prepared 

from t h e  lower molecular weight Grignards gave t h e  whi te r  depos i t s  and 

had a more cons tan t  vo l t age  on continued operat ion.  

cu r ren t  dens i ty  could be used i n  these  baths .  

dens i ty  of 20 mA/cm w a s  f e a s i b l e  wi th  the  methylmagnesium iodide  ba th ,  

Also, a h igher  

For example, a cu r ren t  

2 

but  no t  w i th  the  cyclohexyl o r  phenyl baths .  The e f f e c t  of t h e  so lven t  

is  shown by comparfson of ba th  No. 7 w i th  No. 8 and of ba th  No. 9 with 

No. 10. The Grignard reagents  made up with THF (without t h e  boron com- 

pound being present )  were more h ighly  conductive than those  made up 'with 

d i e t h y l  e the r .  However, after t h e  boron complex had been formed, t h e r e  

w a s  less d i f f e rence ,  or t h e  s i t u a t i o n  could even be reversed. Note t h a t  

t he  boron complex of methylmagnesium iodide  i n  e t h e r  (bath No. 4 )  had 

t h e  lowest opera t ing  vol tage  of any of t h e  ba ths ,  a cur ren t  dens i ty  of 

20 mA/cmL requi r ing  less than 3 v o l t s .  

The r a t i o  of boron t o  magnesium w a s  no t  as c r i t i c a l  as with 

t h e  beryl l ium ba ths .  A r a t i o  of 1:3- moles of boron t o  magnesium gave 

good r e s u l t s ,  A r a t i o  beyond 1:2 w a s  no advantage. It might even lower 

the  conduct ivi ty  of the  s o l u t i o n  and i t  increased t h e  pnflammability. 
I 

The anode and cathode e f f i c i e n c i e s  were d e t e h i n e d  i n  only a 

few ins t ances ,  

i nd ica t ed  t h a t  they were a t  least  99% magnesium. 

They were both about 100% and the  assay of  t h e  depos i t s  
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S e n s i t i v i t y  t o  oxygen is  not  an e s s e n t i a l  c h a r a c t e r i s t i c  of 

the  bath f o r  magnesium deposi t ion,  Our experience with t h e  decaborane 

ba th  [ a ]  was t h a t  i t  could be operated i n  the  presence of a i r  although, 

as i s  the  case with all. nonaqueous p l a t i n g  ba ths ,  moisture had t o  be 

excluded. 

t r ie thylboron  should no t  be oxygen-sensitive, inasmuch as o-carborane is 

h ighly  oxida t ion  r e s i s t a n t .  To test the  e f f e c t  of oxygen on a t r i e t h y l -  

boron-magnesium ba th ,  d r i ed  a i r  was bubbled through the  cyclohexylmagne- 

sium chlor ide  bath (Table 11, No. 9) f o r  30 minutes, The r eac t ion  caused 

Also, bath No. 1 2  i n  which o-carborane w a s  used in s t ead  of 

t he  ba th  t o  heat up t o  about 4 5 O C .  

appearing depos i t  of magnesium w a s  s f i l l  obtained, although the  vol tage  

of depos i t ion  was several v o l t s  higher.  

On e l e c t r o l y s i s  a s a t i s f a c t o r y  

Perhaps t h e  optimum baths  f o r  e lec t rodepos i t ing  magnesium are 

3-molar so lu t ions  of methylmagnesium chlor ide  i n  THF o r  iod ide  i n  d i e t h y l  

e t h e r ,  which are 1-molar i n  t r ie thylboron .  Current d e n s i t i e s  of 2 t o  

2 I 

10 mA/cm may be used, Although t h e  anode corrosion is  100% e f f i c i e n t ,  I 

, 
t he  p i l i n g  up of anode products around the  anode a t  the  h igher  cu r ren t  ' 

dens i ty  may r e s u l t  i n  an increase  i n  the  operat ing vol tage.  

In one experiment boron t r i f l u o r i d e  w a s  added t o  the  ethylmag- 

nesium chlor ide  s o l u t i o n  ins tead  of t r ie thylboron .  The conduct ivi ty  of 

t he  s o l u t i o n  increased.  The e l ec t rodepos i t  w a s  no t  as white  as the  one 

obtained with t r i e thy lbo ron ,  b u t  i t  w a s  sound. This experiment i n d i c a t e s  

t h a t  with f u r t h e r  inves t iga t ion , inorganic  boron ha l ides  might be used 

f o r  preparing the  baths  i n  place of t r ie thylboron .  
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A n  a l l o y  w a s  e lec t rodepos i ted  from a bath produced by adding 

one of t he  beryl l ium p l a t i n g  ba ths ,  prepared from t r ie thylboron  and 

beryll ium dimethyl, t o  an analogous magnesium p l a t i n g  bath.  

depos i t  w a s  analyzed q u a l i t a t i v e l y  and found t o  contain beryll ium. 

The white 

The magnesium content  of the  depos i t s  w a s  assayed by d isso lv ing  

the  coat ing from the  copper cathode wi th  d i l u t e  a c e t i c  ac id ,  evaporating 

t o  dryness i n  a platinum c ruc ib l e ,  and i g n i t i n g .  Magnesium w a s  weighed 

as MgO. 
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I V .  DISCUSSION 

Although the  b e s t  beryllium-containing e l ec t rodepos i t s  contained 

only 85% t o  90% of metal, the  prognosis f o r  f u r t h e r  improvement i n  the  

Deposits with h igher  beryll ium contents  might ' p l a t i n g  process is good. 

be obtained by developing ba ths  wi th  a lower boron t o  beryll ium r a t i o  

than the  ones used i n  t h i s  i nves t iga t ion .  There are a hos t  of deriva- 

' t ives of decaborane, carborane, and t h e  a l k y l  boranes t o  choose from i n  

The p l a t i n g  process t h a t  we developed is  n o t  s u i t -  formulating a bath.  

ab le  f o r  e lectroforming because the  deposi t  i s  too  b r i t t l e .  

The magnesium p l a t i n g  process should have some a p p l i c a b i l i t y  f o r  

electroforming light-weight components, and might even d isp lace  aluminum 

p l a t i n g  f o r  the  purpose. One advantage of magnesium is i ts  lower dens i ty ,  

1 .74  as compared with 2.7 f o r  aluminum. Thus, an ob jec t  formed from 

magnesium ins t ead  of aluminum would b e  reduced i n  weight by one-third.  

Another advantage of the  magnesium p l a t i n g  process over aluminum p l a t i n g  

is the  g r e a t e r  economy of t h e  materials. Aluminum p l a t i n g  from the  

hydride-ether system requi res  the  use of l i th ium aluminum hydride,  which 

is  s t i l l  an expensive reagent .  Magnesium p l a t i n g  can be done from 

Grignard reagents  which are commercially ava i l ab le  i n  quant i ty  and t h e  

boron can be introduced i n t o  the  bath i n  the  form of the  r e l a t i v e l y  inex- 

pensive boron t r i c h l o r i d e  o r  t r i f l u o r i d e  inseead of using an organic  

borane e 

b l e ,  much more inves t iga t ion  needs t o  be done: 

ever9 before  magnesium p l a t i n g  can become commercially f eas i -  

t o  select the  b e s t  compo- 

nnumesable Grignard reagents ,  e t h e r s ,  and borane 

de r iva t ives ,  which h een prepared; t o  inves t iga t e  the  behavior of t he  

bath over a f ogerat iqn;  and t o  determine t h e  p rope r t i e s  and 

ts obtained over a range of operat ing condi t ions.  
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Another poss ib l e  f u t u r e  app l i ca t ion  of magnesium is  as coat ings f o r  

The metal is now used i n  the  massive s ta te  f o r  the  p ro tec t ion  of steel .  

t he  cathodic  p ro tec t ion  of steel., 

compete with t h e  much cheaper zinc.  However, i f  s a c r i f i c i a l  p ro t ec t ion  

were the  only c r i t e r i o n ,  magnesium could compete with z inc  because of i ts  

muck. smaller equivalent  weight (12.2 as compared with 32.7 f o r  z inc)  

which is a i F t t l e  more than a t h i r d  of t h a t  of zinc.  S t a t ing  t h i s  i n  a 

more concrete  fashion,  i f  magnesium cos t  35 cents  p e r  pound, 13 cents  

worth of magiesium would yield the  same electrochemical  p ro t ec t ion  as a 

pound of z inc  (which cos t s  about t h i s  amount). Another considerat ion i s  

t h a t  magnesium is  the  t h i r d  most abundant s t r u c t u r a l  metal ( a f t e r  alumi- 

num and iron) aild about 200 t i m e s  more abundant than z inc  i n  the  e a r t h ' s  

c r u s t ,  

ab l e ,  contains  6 mil l ion  tcns of magnesium. Thus, a t  some f u t u r e  d a t e ,  

coat ings of magnesium may d isp lace  zinc.  

var ious s o l u t i c n s ,  magnesium corrodes a t  a rate comparable t o  t h a t  of 

z inc  [12]. 

As a coa t ing ,  magnesium would have t o  

A cubic  m i l e  of sea water, from which magnesium is e a s i l y  obtain- 

I n  the  atmosphere and i n  

The codeposit ion of a few percent  of beryll ium with magnesium may 

be of i n t e r e s t  f o r  increas ing  t h e  s t r eng th  of t he  magnesium depos i t .  

Beryllium is  not  appreciably so lub le  i n  magnesium i n  the  s o l i d  s ta te ,  

hence, if codeposiked, i t  might y i e l d  an a l l o y  amenable t o  p rec ip i t a -  

t i o n  hardeningL Bergrlliun-magnesium a l l o y s  are d i f f i c u l t  t o  produce by 

simple me ta l lu rg ica l  techniques. 
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TABLE I 

BERRYLLIUM PLATING SOLUTIONS WHICH WERE CURSORILY EXAMINED 

Notes Bath Variant or Purpose No. Solvent Sys tem Composition of  Experiment 

1 Diglyme Beryllium dimethyl Solvent A t  room temperature, mossy depos i t ,  reac- 
t i v e  with w a t e r .  A t  e levated temperatures, 
smooth and adherent. System no t  promising. 

2 Sulfolane Beryllium dimethyl Solvent Thin, Black deposi t .  Not promising. 

3 Ether Beryllium dimethyl Phosphine de r iva t ive  Deposit l i k e  t h a t  from dimethyl beryllium 
+ Tributylphosphine alone. Not promising. 

4 Ether Beryllium dimethyl Thiocyanogen No deposi t .  
+ Thiocvanoeen 

5 Ether Beryllium dimethyl 
+ HCN 

HCN Solut ion:  low conductivity. Deposit 
s i m i l a r  t o  t h a t  from Be(CH,), alone. 

6 Ether Beryllium dimethyl To prepare beryllium Deposit was probably sod im.  
+ Sodium hydride methyl hydride. 

7 Dimethyl Beryllium dimethyl To compare dimethyl Much b e t t e r  conduct ivi ty  than e i t h e r  
Ether with d i e t h y l  e the r .  d i e t h y l  e the r  or THF. 

8 THF Beryllium dimethyl Presence of f luo r ides  Deposit was r eac t ive  with water and was 
t o  form a complex. + a l k a l i  me;al fluo- 

i des  (KF,RbF,CsP) 
mainly alkali m e t a l .  

9 None Beryllium dimethyl + P0Cl3 Reaction with P0Cl3 Violent  r eac t ion  with flame. 

10 THF B e r y l l i m  dimethyl To prepare beryllium- Mixed so lu t ions  ge l a t in i zed ,  probably 
boron s a l t  by meta- 
thes i s .  boron salt.  

because of p rec ip i t a t ion  of t h e  beryllium- 
+ H2(B12H12) 

11 Ether B e r y l l i u m  dimethyl Boron compound . Deposit obtained,  but  no advantage over  
+ o-Carborane ba th  prepared with decaborane or 

t r ie thylboron.  

12 Ether Beryllium dimethyl To use the  more acces- Black, adherent deposi t ,  Promising bath,  
+ Boron t r i c h l o r i d e  s i b l e  B C 1  i n  place of which might replace t h a t  of t r i e thy lbo ron .  

t r ie thylbaron.  Too much BC1. is  de le t e r ious  t o  deposi t ion.  

13 Ether Beryllium dimethyl 
+ Boron t r i f l u o r i d e  

~ ~~ ~~~~~ ~~~ 

To use BF ins t ead  of P rec ip i t a t ion  of BeF2. Electrodeposi t  not 
t r ie thvlbaron.  s a t i s f ac to rv .  

1 4  THF Beryllium dimethyl Subs t i t u t ion  of e t h y l  Deposit similar t o ,  but  less s a t i s f a c t o r y  
+ Tributylboron by butyl .  than t h a t  with t r ie thylboron.  

15 Ether Beryllium Borohydride Borohydride in s t ead  of Conductivity increased by BeCl  , but  
+ BeC12 e the ra t e  beryllium dimethyl and 

addi t ion of B e C l  . ba th  alone. 
deposi t  s i m i l a r  t o  t h a t  from bgrohydride 

16 Ether Beryllium Borohydride Addition of t r ie thylamine No improvement i n  deposit. 
+ t r ie thylamine t o  borohydride bath.  

~~ ~ ~ 

1 7  Et.ier Reryllium chlor ide e t h e r a t e  To prepare Be(BB ) i n  E lec t ro lys i s  of  bath and na tu re  of deposi t  
+ LIBH. so lu t ion  bv metathzsis .  s i m i l a r  t o  bath Dreuared from s o l i d  Be(BH.I.. 

18 Ether Beryllium Borohydride Ef fec t  of HCN on Boro- No improvement over borohydride bath alone. + HCN hydride bath. 

19 Ether B e C l  . e the ra t e  + Li  methyl To prepare Be(Q1 ) in Deposit unsat isfactory.  Reactive with + t r le thylamine so lu t ion  by meta%sis. water. Probably contained l i thium. 
Then add B(C,H,),. 

20 Ether BeCl . e the ra t e  + Li  e t h y l  To prepare Be(C H ) i n  I f  half  t h e  s to i ch iomet r i c  amount of 
i n  bgnzene + t r i e thy lbo ron  so lu t ion  and thgn5a$d L i  e t h y l  i s  used (Excess B e C l  is then 

B(C2H5'5,3. present)  e l ec t rodepos i t  is obgained a f t e r  
addi t ion of B(C,H.), t o  bath.  

~~ 

2 1  Ether B e C l  . e the ra t e  + LiB(C H To prepare bath without Deposit react ive.  Probably mostly l i thium. 
prepired from L i  ethyl'  
+ t r i e thy lbo ron  

using beryllium dimethyl. 

22 Ether Beryllium cyclopentadiene, D i f f e ren t  beryllium Conductivity very low. Less than 1 mA a t  

of black electrodeposi t .  d s a t i s f a c t o r y .  
0.5 M 151 organometallic compound. 115 V. On add i t ion  of BeCl  , small amount 

23 Ether B e r y l l i u m  Thiocyanate 161 Different beryllium Solut ion conducted, but no electrodeposi t .  
inorganic  compound. 

24 THF Beryllium Azide I71 " Dtffermt beryllium Klectrodeposi t  reactive With a i r .  

25 - Ether  B e r y l l i u m  Azide Prepare beryllium boron Incomplete metathesis. Electrodpposi t  

inorganic  compound. 

salt  by metathesis. r eac t ive  with air and was  probably mostly 
sodium. 

and THF + Na2BlOHl0 

26 THF Beryllium metal  reacted Different  beryllium No electrodeposi t  obtained. 
with a c e t y l  chlor ide [ E l  compound. 



TABLE I1 

COMPARISON OF THE VOLTADES REQUIRED TO PRODUCE A RANGE OF ClJIWNT DBNSITIES 

I N  SOLUTIONS OF VARIOUS ORGANOMETALLIC MAGNESXLM COMPOUNDS. 

(Unless otherwise noted, a l l  so lu t ions  were between 2 and 3 molar a d  were chlor ides .  
I n  the  boron-containing ba ths ,  t h e  r a t i o  of boron t o  magnesium was 1/3:1 i n  moles.) 

MAGNESIUM CONPOUND ALONE COMPOUND WIT& TRIETHYLBORON 
Solvent Voltage to.Produce Current Dens i ty  Voltage t o  Produce Current Density Sqiz- Organometallic 

2 10 2 5 Compound of 
Magnesium * 

No. 

1 Methyl THF 2 5 9 17 0.6 1.0 2.0 4.0 

2 Methylt THF 2 5 9 17 1.3 2.7 5.3 10.5 

3 Methyl' E ther  5 16 34 55 0.3 0.6 1.1 2.0 

4 Methyl* Ether  3.7 8 14 30 0.3 0.7 1.2 2.2 

5 Ethyl 
~~~ 

THF 5 10 
~~~ ~~ 

16 26 1 2 4.3 6 

6 Ethyl' E ther  10 21  44 -- 1.4 2.7 4.8 9 

7 t-Butyl Ether  18 43 58 -- 1.0 2.1 4.0 7.3 

Solu t ion  evaporated and THF added: 
0.7 1.3 2.3 4.0 

8 t-Butyl THF 2.8 6 12 21  0.7 1.4 2.6 4.5 

9 Cyclohexyl Ether 38 320 -- -- 0.5 1.0 1.9 3.5 

Evaporaeed and THF added: 
0.8 1.6 3.4 6.5 

10  Cyclohexyl THF 3.8 9.5 22 -- 0.8 1.5 3.0 8.4 

11 Vinyl THF 2.7 6.6 16 -- 1.4 3.5 l o  -- 
~ ~~ ~ ~-~ ** 

12 Al ly l  THF 3.7 8.0 16 30 1.0 2.0 4.5 7.0 

13 Phenyl THF 5 12 28 50 1.3 3.3 6.5 13 

-- -- 0.7 1.4 3.5 6.4 14  Ethyl  THF >120 -- *** 

-- -- -- -- -- -- -- # 
** * 

15 Cyclopentadiene THF 
I111 

'Methyl magnesium ch lo r ide  complexed with decaboron ( ins tead  of t r ie thylboron)  wi th  addi t ion  of magnesium 

'Bromide in s t ead  of ch lor ide .  
% 

Iodide in s t ead  of ch lor ide .  
** 

o-Carborane used in s t ead  of t r ie thylboron .  
*** No anion presen t  

ch lo r ide  i n  THF. 

"Conductivity less than 0.1 mA a t  10  v o l t s  f o r  a 0.2 Molar so lu t ion .  NQ depgs i t  obtained. Af te r  add i t ion  of 
magnesium ch lo r ide  i n  THF t o  the  ba th  an e l ec t rodepos i t  of magnesium was obtained, 



FIGURE 1. E l e c t r o l y t i c  ce l l  with a capaci ty  o f  50 ml. 

ce l l  through tube on l e f t  and passes ou t  through tube on 

r i g h t ,  which i s  connected to  a mercury t r a p .  

e l ec t rode  is  renoved from the  cell ,  a vigorous stream of 

argon flows upward through the  g l a s s  chimney and prevents  

i ng res s  of a i r .  

Argon e n t e r s  

When an 



FIGURE 2. E l e c t r o l y t i c  cel l  with a capaci ty  of 10 m l .  

through t h e  lower s i d e  tube and out  through t h e  upper s i d e  

tube which is connected to a mercury t r a p .  One of the  two 

e l ec t rodes  is partially enclosed i n  a glass tube to  

prevent  shor t ing ,  Usually,  both e lec t rodes  are removed at  

once. 

and prevents  i ng res s  of air. 

Argon passes  

A rap id  stream of argon flows upward a t  t h i s  t i m e  



FIGURE 3. 'F l a sk  f o r  s t o r i n g  spontaneously inflammable or air- 

s e n s i t i v e  s tock  s o h t i o n s .  

i n t o  t h e  s i d e  tube on the l e f t  and o u t  through t h e  

upper stop-cock. 

stream of argon flows upward through t h e  neck of t he  

f l a s k .  The atmosphere p r o t e c t s  t h e  s o l u t i o n  while  a 

p i p e t t e  i s  lowered i n t o  i t  f o r  a sample. 

A cu r ren t  of argon flows 

The latter is removed, while  a r ap id  



FIGURE 4 .  Apparatus f o r  f i l t r a t i o n  under pressure  of an i n e r t  

atmosphere. The so lu t ion  t o  be f i l t e r e d  is  forced by 

pressure  of an i n e r t  gas through the  upper stop-cock 

i n t o  the  f i l t e r ,  Next, an i n e r t . g a s  is appl ied  through 

t h e  valve on the  r i g h t  which i s  connected t o  a tank 

of argon. Packing of a p r e c i p i t a t e  by cent r i fuging  

usua l ly  was more rap id  than f i l t r a t i o n  under pressure.  


